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TECHNICAL NOTE
Picomolar quantitation of potassium using a continuous-flow
apparatus
JEFFREY L. GARVIN'
Building 10, Rm 6N307, Laboratory of Kidney and Electra/vie Metabolism, National institutes of Health, Bethesda, Maryland, USA
In the past, measurements of picomolar quantities of potas-
sium have required either atomic absorption spectrophotometry
in the furnace mode [1] or electron microprobe analysis [2—41.
Both techniques require extensive sample handling and prepa-
ration before measurements can be made. As a result, samples
cannot be assayed in "real time". This paper describes a new
instrument capable of measuring millimolar concentrations of
potassium in nanoliter samples such as those obtained from
isolated, perfused tubule studies. The potassiometer is based on
a commercially available potassium electrode and requires little
custom machining, since it is composed primarily of commer-
cially available components. A continuously flowing stream
carries the sample to the detector, similar to the ultra-microflu-
orometer and ultra-microcolorimeter developed by Vurek [5,
6]; to analyze a sample, it need only be injected into the stream.
The resulting change in electrode voltage is displayed on a chart
recorder.
Methods
Figure IA shows a schematic diagram of the potassiometer.
The instrument consists of a dissecting microscope, reservoir,
injection port, potassium electrode and Lucite holder, reference
electrode, syringe pump, voltmeter and chart recorder. The
potassium electrode (Model !SM-146) was purchased from
Lazar Research Laboratories Inc. (Los Angeles, California,
USA). Its sensitivity and selectivity derive from an area of
polymer membrane containing a potassium ionophore.
The reservoir is simply a Pasteur pipet which contains 160
mM NaCI, approximating the density of mammalian physiolog-
ical saline. This solution is continually drawn through the
instrument, carrying injected samples to the potassium-sensi-
tive electrode. It also acts as a conductor between the potas-
sium electrode and the Ag/AgCI reference electrode.
The reservoir is connected to the injection port via Silastic
tubing (I.D. 0.3 mm). The port is fabricated from borosilicate
glass tubing with an I.D. of 0.3 mm and an O.D. of 0.46 mm.
After sealing one end of the tubing, the open end is attached to
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a syringe so that the internal pressure can be increased. The
tubing is mounted in a microforge and a small area heated; as it
melts, pressure is applied via the syringe, blowing a hole
through the wall of the glass. Once the port is created, the
sealed end is cut off.
The Lucite holder consists of a "reaction chamber", the site
where the stream encounters the electrode, and a physical
support for the potassium electrode (Figure IB). The chamber
itself is made by drilling a 0.50 mm hole through a block of
Lucite (2.5 cm x 1.2 cm) to accommodate the flowing NaCI
solution. A second hole —1.75 mm is then drilled at a right angle
to hold the electrode. This hole should taper to a point at the
bottom; normally this occurs anyway, as the tip of the drill bit
is set at an angle. The hole meant for the electrode should be
drilled so that the holes for the NaCI solution bisect it in the
middle of the tapered section. This block is then glued to a
second piece of Lucite which serves to support the electrode,
after which the injection port is glued into the reaction chamber.
The potassium electrode is sealed into place using a combina-
tion of Teflon tape (to provide a gasket) and silicone adhesive.
Since the position of the electrode in the reaction chamber is
crucial for sensitivity, it should not be glued into place before
testing the instrument. A second piece of straight glass tubing is
glued into the outlet port and connected to the reference
electrode with Silastic tubing.
The reference electrode is created by drilling a hole com-
pletely through a standard Ag/AgCI microelectrode holder
(WPI, New Haven, Connecticut, USA). One end of the hole is
then redrilled to fit a standard luered syringe. The Silastic
tubing from the outlet of the reaction chamber is connected to
the reference chamber with a piece of tapered glass tubing: one
end fits the Silastic tubing, the other fits the hole drilled in the
reference electrode. The luered end of the reference electrode is
mounted on a three-way stopcock which in turn is mounted on
a 2.5 ml gas-tight syringe in a Sage 352 syringe pump (Cam-
bridge, Massachusetts, USA). Once the plumbing is completed,
both electrodes are connected to a voltmeter (Keithley Instru-
ments, 160 B multimeter, millivolt scale, Cleveland, Ohio,
USA) which must be capable of at least 10 tV sensitivity. The
imput impedance was 10 megaohms. The easiest means of
monitoring the response of the electrode is to record the output
of the voltmeter on a chart recorder, although digitizing the
signal is possible.
To operate the instrument, it is first necessary to fill the
reservoir and lines with 160 mM NaCI, making sure no air
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bubbles are present. This is best accomplished by backflushing
the NaC1 solution through the stopcock. Once the lines are
filled, the syringe pump is set to draw fluid through the
instrument at the rate which allows the greatest sensitivity.
Fig. 1. A. Schematic diagram of the potassiometer. B. Schematic
diagram of the reaction chamber and support. The electrode holder is
fabricated from Lucite. The figure is not drawn to scale.
Nanoliter volumes of the sample are injected into the injection
port, which is viewed through a dissecting microscope. Samples
are injected in less than two seconds.
To analyze the potassium concentration in a sample, a
B
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standard curve which brackets the potassium concentrations of
unknowns is first generated from peak heights on the chart
recorder. Peak heights are determined by measuring from the
zenith to the baseline at the center of the peak. The central
baseline is interpolated from points just before and after the
peak. KCI standards should be prepared so that their densities
match both the unknown sample and the stream of 160 mtt
NaCI. Potassium concentration in the unknown sample is
determined by measuring its peak height and interpolating from
the standard curve.
Results and discussion
Figure 2 shows typical results obtained with the potassio-
meter. Multiple injections of five different potassium concen-
trations are shown. The signal-to-noise ratio is approximately
100 to I. Samples can be injected once every two to three
minutes.
Figure 3 shows a standard curve generated by the potassio-
meter. Each point represents the mean SD of 3 determina-
tions. Although the assay is highly reproducible (coefficient of
variation 2.4%), it is not linear and thus potassium concentra-
tions of standards should bracket concentrations of unknowns.
The response of the potassium electrode is theoretically loga-
rithmic. However, due to the small scale of the instrument the
standard curve is not. This is likely due to factors such as the
inability to inject a sample instantaneously and the potasium-
sensitive portion of the electrode not encountering the sample
uniformly. In spite of these limitations, resolution is greater
than 0.1 m between concentrations of 2.5 to 7.5 m using a
6.1 nI pipet. Resolution was calculated by dividing the slope of
the standard curve between —2.5 and —7.5 m by twice the
average standard deviation of samples between these concen-
trations. This spread of concentrations was chosen since it
covers the physiological range for potassium.
Table 1 depicts peak heights of other salt solutions that might
salts
Equivalent
potassium
Compound Peak height concentration
L'Cl 0 0 Not significant
CaCI2 0.2 0.3 Not significant
BaCI2 0 0 Not significant
NH4CI 1.8 0.2 0.5 msi
NMDG CI —0.8 0.2 —c
TMA Clb 0.2 0.2 Not significant
HCI 5.9 1.3 1.7 msi
be encountered in an experimental setting. For the potassio-
meter to be useful, it must be highly selective for potassium.
These salts were chosen either because a) they have been
reported to interfere with other potassium electrodes (NH4
and TMA), b) they are used to block potassium channels
(Ba4), or c) they are used as ion substitutes for either sodium
or potassium (NMDG, TMA, Li). All were tested at a
concentration of 10 m. As shown in Table I, only two ions
gave a significant response, H + and NH4. At a proton con-
centration equivalent to pH 2.0, the potassiometer responded as
if 1.7 m potassium had been injected. Since it is unlikely that
the pH of any physiological solution will reach pH 2.0, it is
highly improbable that protons would interfere significantly
with potassium. This point is further demonstrated by the fact
that the potassiometer is insensitive to changes in pH between
6 and 8. At an NH4 concentration of 10 m, the potassiometer
responded as if 0.5 mrt K had been injected. Thus the
selectivity of the instrument for K over NH4 is at least 20 to
Once the potassiometer has been set up, samples can be
injected approximately once every two to three minutes. The
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Fig. 2. Typical data obtained with the potassiometer. Solutions con-
tained either 8, 6, 4, or 2 ms KCI in 160 msi NaCI. Samples labeled
"perf." contained approximately 5 ms KCI and are from a solution
used in this laboratory for isolated, perfused tubule experiments. Pipet
volume was 6.1 nI.
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Fig. 3. Potassium standard curve generated with the potassiometer.
The pipet volume was 6.1 nI. The mean SD for each concentration
was: 0 mM, 0 0 AU; 2.5 mi, 8.6 0.1 AU; 5.0 mM, 14.1 0.2 AU;
7.5 msi. 19.2 0.1 AU; 10.0 ms, 23.2 0.1 AU (N = 3).
Table 1. Response of the potassiometer to various other chloride
Peak heights are reported as the mean SD (N = 3).
a NMDG Cl is N-methyl, d-glucamine chloride.b TMA Cl is tetramethylammonium chloride.
The response of the potassiometer to the unbuffered NMDG Cl
solution is due to a pH effect.
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instrument is highly specific for potassium and measures con-
centrations in "real time" during most physiological experi-
ments. Resolution is 0.5 pmol in the 0 to 60 pmol range.
Additionally, the potassiometer costs far less than currently
available commercial instruments used to measure picomolar
quantities of potassium.
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